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Abstract 
This thesis is divided into two parts. The first part presents a study on did 
vertical migration and diel gut pigment rhythm of marine copepods in Tolo Harbour. 
The second part reports on the distribution and biology of marine cladocerans in the 
coastal waters of southern China. 
Tolo Harbour is an embayment with a maximum depth of 22 m. The water 
is characterized by high chlorophylls concentration and frequent red tide occurrence. 
Calanoida, represented by 23 species, was the most dominant component of the 
zooplankton in terms of species diversity. The vertical distribution and gut pigment 
fluorescence of Paracalanus parvus, P. crassirostris, Acartia erythraea and 
Eucalanus suhcrassus were studied in the summer between 31 July and 1 August, 
1991 and in the winter between 24 and 25 January, 1992. During the winter study, 
the harbour was affected by a bloom of Noctiluca scintillans. Paracalanus parvus 
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and P. crassirostris accounted for >90% of all Calanoida during both summer and 
winter. Paracalanus parvus and P. crassirostris did not show diel vertical migration 
in summer and the largest portion of the populations was found in the top 3 m. 
Acartia erythraea and E. subcrassus exhibited diel vertical migration. Peak 
abundance was found in the 0-3 m at night and the populations descended to deeper 
waters during day. During the winter study, P. parvus and P. crassirostris seemed 
to avoid the dense populations of N. scintillans in the top 3 m by staying in deeper 
waters during most of the day. Paracalanus parvus exhibited weak vertical migration 
during the winter study. Chlorophylla concentrations were highest in the 0-6 m 
surface layer. The highest gut pigment levels for A. erythraea and E, subcrassus 
were found in the surface living individuals during the night. In addition, nocturnal 
increase in gut pigment levels in E. subcrassus clearly occurred before the start of 
nocturnal upward migration. These observations suggested that diel variations in gut 
pigment levels of calanoid copepods were independent of diel vertical migration. 
Paracalanus parvus and P. crassirostris showed higher gut pigment levels at night 
during the winter study. Occurrence of diel gut pigment rhythm in the non-migratory 
P. crassirostris in winter also strongly indicated an independent feeding rhythm. 
Paracalanus parvus, P. crassirostris and A. erythraea together consumed less than 
10% of total ambient chlorophylla per day, showing that the phytoplankton standing 
crop in Tolo Harbour was under-exploited by the marine copepod community. 
Geographical and seasonal distribution of marine cladocerans in the coastal 
waters of southern China were studied. Penilia avirostris was the most common 
species, followed by Evadne tergestina and Podon schmackerL Penilia avirostris and 
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E, tergestim were most common during the summer. Podon schmackeri was found 
only in Tolo Harbour, Hong Kong and showed no clear seasonal pattern of 
occurrence. Distribution of the three cladocerans appeared to be limited by salinity 
and temperature. Penilia avirostris inhabited the widest hydrographical range in 
terms of water temperature (16 - 32�C) and salinity (7.3 - 37 %�)• Hydrographical 
range ofE. tergestina overlapped those of Penilia avirostris, while Podon schmackeri 
was restricted to a much narrower range of salinity (31 - 37 %o), Parthenogenetic 
brood size of Penilia avirostris and E. tergestina ranged from 1 to 14 while Podon 
schmackeri was observed to carry up to 19 embryos per brood. No geographical 
trend in fecundity pattern was observed. No correlation was observed between body 
length and brood size. Population decline was not preceded by an increase in 
occurrence of females bearing resting eggs. 
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Chapter 1. General Introduction 
Hong Kong, located on the coast of the Guangdong province of China, is one 
of the most densely populated cities in the world. As a result of economic reform in 
China in recent years, the coastal regions of Guangdong have undergone rapid' 
development. The densely populated and rapidly developing towns and villages pose 
great pollution threat to the coastal waters of southern China. Unfortunately, the lack 
� . 
of understanding on the fundamental ecology of the coastal waters of southern China 
has made environmental monitoring programmes inefficient (Morton 1982). Since 
the 1980,s，ecologists in Hong Kong have extended their interest from fishery 
researches to the basic ecology of Hong Kong's water (Morton 1982). Morton (1982) 
has provided a detailed account on the basic hydrography of Hong Kong. Many 
authors have focused on the intensifying pollution problems in the northeastern part 
of Hong Kong, such as organic loading (Hodgkiss & Chan 1983; Wear et al 1984; 
Lam & Ho 1989), eutrophication (Wear et al 1984; Chan & Hodgkiss 1987; 
Hodgkiss & Chan 1987) and red tide occurrence (Holmes & Lam 1985; Wu 1988). 
Although crustacean zooplankton plays an important role in marine ecosystems, 
studies on the biology and ecology of this group of animals in the coastal waters of 
China have started only recently. Chen (1982) is one of the pioneers who studied the 
marine zooplankton community in Hong Kong waters. He enlisted a total of 120 
species of zooplankton, including 52 species of Copepoda and 2 species of Cladocera. 
Wong et al (1993) described 23 species of calanoid copepods in Tolo Harbour, and 
identified copepods as the most important component of the coastal zooplankton in 
terms of species diversity. The zooplankton community of Hong Kong waters is 
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characterized by warm-water coastal species (Chen 1982; Wong et al 1993) of which 
little is known when compared with oceanic species. Progress in zooplankton study 
in other areas of southern China is also slow. Chen and Zhang (1965, 1974) have 
given a qualitative description of the zooplankton community in the South China Sea. 
All these studies have provided the basis for further studies on the ecology of marine， 
zooplankton in these areas. The coastal waters of southern China are important 
natural resources for the local population. Following the rapid development of the 
coastal areas of southern China, a better understanding of the local ecosystem and 
hence more effective environmental management program is in urgent need. Clearly, 
there is a need for more quantitative studies on the biology and ecology of marine 
zooplankton in the coastal waters of southern China. 
This thesis is composed of two separate studies. The first study focuses on 
the diel behaviour of marine copepods in Tolo Harbour and investigates the 
relationship between diel vertical migration and diel feeding rhythm in calanoid 
copepods. This study also attempts to estimate the grazing impact on the 
phytoplankton by zooplankton grazers. The second study is devoted to a detailed 
account on the distribution and biology of marine cladocerans in southern China. 
Marine cladocerans are important components of the zooplankton in most productive 
coastal ecosystems although their distribution and biology in southern China is poorly 
known. The second part of this thesis is written to provide basic knowledge on 
marine cladocerans in southern China on which further studies can be based. 
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Chapter 2. Diel vertical migration and gut pigment rhythm of 
marine copepods in Tolo Harbour, Hong Kong 
2.1 Literature review 
2.1.1 Diel vertical migration of zooplankton 
% 
Diel vertical migration is a wide-spread phenomenon which is known to exist 
in many taxa of zooplankters (Enright 1977; Pearre 1979a). The general pattern of 
migration is that the migrating animals spend the day in deep waters but stay near the 
surface at night (Lampert 1989). The ubiquitous phenomenon puzzles many 
ecologists since the migrating animals spend energy to put themselves in an 
unfavourable environment which is cold and food-limited (Lampert 1989). Many 
hypotheses have been proposed to explain the adaptive significance of diel vertical 
migration. Emphasis has been put on avoidance of harmful ultra-violet radiations (see 
Bollens & Frost 1990)，demographic benefits (McLaren 1974) and energetic 
advantage (Enright 1977; Enright & Honegger 1977). However, each of these 
hypotheses has its own drawbacks (Swift 1976; Koslow 1979; Pearre 1979b; Orcutt 
& Porter 1983; Lampert 1989; Bollens & Frost 1990). To date the most popular 
hypothesis is predator avoidance which states that zooplankters migrate to deeper and 
darker layer in daytime in order to avoid visual predators. Evidence has been 
obtained in laboratory studies (Fancett & Kimmerer 1985)，field studies (Zaret & 
Suffem 1976; Stich & Lampert 1981; Gliwicz 1986; Frost 1988; Bollens & Frost 
1989; Bollens et al 1992) and manipulated field studies (Bollens & Frost 1991; Dini 
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& Carpenter 1991). Unusual reverse diel vertical migration in zooplankton under 
certain conditions provides convincing support for the predator avoidance hypothesis 
(e.g. Ohman et al 1983; Neill 1990; Ohman 1990). Recent advances have been 
made in identifying the mechanism to trigger migration. Dodson (1988) found that 
migration in Daphnia could be triggered by chemicals produced by their natural' 
predators. Similar observations were also made by Dawidowicz and Loose (1992). 
On the other hand, Forward and Hettler (1992) argued that two different mechanisms 
are involved such that nighttime ascent is controlled by lighting condition and daytime 
descent is controlled by predation exposure. 
2.1.2 Feeding rhythm of zooplankton 
In a food stratified water body, zooplankton performing diel vertical migration 
will move from the food-abundant surface layer to the food-scarce deeper layer. 
Consequently, the migrating zooplankton will inevitably show a diel rhythm in gut 
content. Apparent diel grazing rhythm in zooplankton have been reported for over 
half a century (see Gauld 1953). Subsequently, a debate rises among ecologists 
concerning whether there is a feeding rhythm independent o/diel vertical migration. 
In a laboratory experiment, Fuller (1937) used haemocytometer to trace the amount 
of algae removed by Calanus flnmarchicus. In several of his trials, algal removal 
was higher in nighttime than in daytime. This observation suggested that a feeding 
rhythm occurred in Calanus flnmarchicus even in the absence of migration. Gauld 
(1953), by visual examination on naturally collected Calanus finmarchicus, also 
noticed that animals with full guts were usually found at night. However, when 
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provided with enough food in laboratory, the animals were able to fill their guts 
throughout the day. Therefore, Gauld concluded that the diel rhythm in gut content 
of natural occurring Calanus finmarchicus was a result of migration across food 
stratified environment. In contrast, Petipa (cited in Mackas & Bohrer 1976) observed 
a definite feeding periodicity in Acartia clausi. Mackas and Bohrer (1976) pointed： 
out that the methods of Gauld and Petipa were only loosely quantitative and best with 
nearly transparent animals. 
� 
Mackas and Bohrer (1976) studied the diel feeding activity of copepods in the 
Bedford Basin and found that the gut pigment fluorescence of both surface dwelling 
species and migrating species reached peak values only at night, indicating a diel 
periodicities in feeding regardless of migration activity. 
Independent diel feeding rhythm has been reported in various species of 
oceanic copepods. For example, Ishii (1990) demonstrated in situ feeding rhythm 
in 2 species of Calanus in the Bering Sea. Six species of copepods in South Georgia 
exhibited more active feeding at mid-night than in evening (Atkinson et al. 1992a). 
Diel variations in gut pigment contents of non-migratory copepods in the Benguela 
upwelling also provided evidence of independent diel feeding rhythm in those species 
(Peterson et aL 1990b). Calanus pacificus in Dabob Bay performed diel vertical 
migration and entered the surface layer up to 2.5 hours before sunset; however, its 
gut pigment content increased substantially only after sunset. On the other hand, the 
animals slowed down feeding at sunrise even when they remained in the surface layer 
for a short period after sunrise (Dagg et al. 1989). 
15 
The existence of diel feeding rhythm seems to vary from species to species 
and no definite conclusion can yet be made. Neocalanus cristatus from the Bering 
Sea (Dagg & Wyman 1983) and Neocalanus plumchrus from the Bering Sea (Dagg 
& Wyman 1983) and subarctic Pacific Ocean (Dagg & Walser 1987) did not show 
any diel feeding rhythm. Although Peterson et al (1990b) observed a diel feeding; 
rhythm in Paracalanus parvus in the Benguela upwelling, no feeding rhythm for this 
species was found by Mackas and Bohrer (1976) in the Bedford Basin. Atkinson et 
al (1992a) reported that Rhincalanus gigas (CIII) near South Georgia Sid not show 
feeding rhythm although other co-occurred species did. Atkinson et al (1992b) also 
showed that congeneric copepods in two different sites exhibited different pattern of 
diel feeding activity, suggesting that the diel feeding pattern may be modified by 
environmental conditions. 
Diel feeding rhythm in other zooplankton taxa also remained controversial. 
For example, Gibbons (1992) noticed that migrating Sagitta exhibited a rhythmic 
predation on copepods only in food stratified off-shore station while the apparent 
rhythm disappeared in the shallow inshore station where food distribution is more 
even. 
Two types of diel feeding rhythm were described by Mackas and Bohrer 
(1976): unimodal where a single peak of gut content was found at night; and bimodal 
where peaks were found around sunset and sunrise but the gut content at the period 
in between was somewhat lower, suggesting that feeding activity of the zobplankters 
declines between two active feeding periods. Although unimodal feeding rhythm is 
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most frequently encountered, observation of bimodal feeding rhythm was not 
uncommon (see Simard et al 1985; Ishii 1990). Simard et al (1985) noticed that the 
mid-night decline in feeding activity coincided with the mid-night sinking of the 
migratory copepods. The bimodal feeding rhythm can be explained by the hunger-
satiation hypothesis (Mackas & Bohrer 1976) which states that "... the hungry 
copepods migrated to the upper stratum at dusk for a first meal, became sated, and 
sank back to depth while digesting and defecating before a second migration to the 
upper stratum for a predawn meal" (Simard et al. 1985). Accordingly, whether 
unimodal or bimodal feeding rhythm will be observed depends on the food supply of 
the environment and the food demand of individual species. 
Several hypotheses have been proposed to explain the significance of did 
feeding rhythm. Enright (1977) suggested that zooplankton can increase grazing 
efficiency by starting feeding 1-2 hours before dusk when the phytoplankton 
accumulates maximum amounts of photosynthetic products. This model has been 
criticized by several authors (Koslow 1979; Miller 1979; Pearre 1979b). Indeed, 
Enright and Honegger (1977) could confirm their prediction in only one out of three 
field studies. Enright，s model assumes co-occurrence of migration arid feeding 
rhythm so that the zooplankters can gain metabolic advantage by returning to colder 
deeper water after feeding. However, Peterson et al. (1990b) observed a diel feeding 
rhythm in non-migratory but surface living copepods in the Benguela upwelling. 
Enright* s model also predicts that the zooplankters should start feeding well before 
sunset. Using gut fluorescence method, Dagg et al. (1989) showed that migratory 
Calanus pacificus in Dabob Bay increased its gut content substantially well after 
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sunset, even though the animals entered the surface layer before sunset. Another 
implication of Enright's model is that planktonic grazers leave the surface layer after 
feeding to allow accumulation of photosynthetic products, resulting in a did cycle of 
grazing pressure on the phytoplankton. Using vertical flux of phaeopigment in faecal 
pellets as an indicator of herbivorous zooplankter grazing activity, Welschmeyer et: 
al (1984) found that grazing pressure of the zooplankton community in Dabob Bay 
during daytime was not necessarily lower than that during nighttime. Their 
observations suggested that even though the zooplankton community ih Dabob Bay 
was dominated by did vertical migrators (Welschmeyer et al 1984; Dagg et al 
1989)，did feeding cycle of the animals would not lessen the grazing pressure on the 
phytoplankton community and thus the metabolic advantage proposed by Enright 
could not be verified. 
Several authors proposed that diel feeding rhythm may be a mechanism to 
prevent over-exploitation of the phytoplankton or even promote primary production 
(see Lampert 1989). As Lampert (1989) noted, such argument requires group 
selection and is not reasonable from an evolutionary point of view. 
Dagg et al (1989) suggested that a feeding rhythm occurred in migrating 
Calanus pacificus because feeding was confined to nocturnal hours by the risk of 
detection by visual planktivores. Feeding zooplankters may attract visual predators 
by their foraging movements and guts packed with food may also enhance visibility 
(Dagg et al 1989). Kleppel et al (1985) observed a diel cycle in body- carotenoid 
of zooplankters in Los Angeles Harbour which coincided with the diel feeding cycle. 
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Laboratory study with Acartia tonsa also confirmed a rapid increase in body 
carotenoid after feeding on algae. Thus a diel feeding rhythm may be a mechanism 
to prevent accumulating body pigments from attracting visual predators (Kleppel et 
al. 1985), although similar diel cycle in body pigmentation was not detected in some 
species of copepods (Hairston 1980). 
A question that can be raised about the predator avoidance hypothesis is 
whether the feeding rhythm is endogenous or under extrinic control. Bautista et al. 
(1988) incubated Acartia grani in situ and observed that gut pigment content of the 
animals was always higher at night. They concluded that the diel feeding rhythm of 
the animals was under light intensity control. However, their experiment did not 
differentiate external stimulus (light intensity) from internal mechanism (i.e. 
endogenous rhythm); therefore, their experiment provided no answer to the question 
concerning the control mechanism of feeding rhythm. Duval and Geen (1976) found 
endogenous feeding rhythm and respiration rhythm in an assemblage of zooplankton 
from British Columbia lakes. However, possible exogenous influence could not be 
excluded in the experiment (Duval Sc Geen 1976) and how good the laboratory results 
agree with field observations remains to be studied. 
Recent studies have shown that diel vertical migration in zooplankton is a 
flexible phenotypic response to visual-predation-related external signal, such as 
lighting conditions (Forward et al 1984)，presence of predators (Neill 1990; Bollens 
& Frost 1991; Dini & Carpenter 1991)，type of predators (Ohman 1990) of predator-
produced chemical cues (Dodson 1988; Neill 1990; Dawidowicz & Loose 1992). If 
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both diel vertical migration and diel feeding rhythm in zooplankton serve to reduce 
predation risk by visual predators, it seems reasonable to expect that both behaviours 
will be subjected to similar control mechanisms. However, very few experiments 
have been conducted to investigate the characteristics of diel feeding rhythm, probably 
because diel feeding rhythm is not as common as diel vertical migration and because 
of the inconsistency in some reported cases of apparent diel feeding rhythm (e.g. 





Many taxa of zooplankton have been known to perform diel vertical migration 
(Enright 1977; Pearre 1979a). The usual pattern of diel vertical migration consists 
of daytime descent and nighttime ascent along the water column (Lampert 1989), 
although reverse migration with daytime ascent and nighttime descent have also been 
reported by several authors (Ohman et al. 1983; Neill 1990; Ohman 1990). It is 
generally accepted that diel vertical migration is a phenotypically flexible behaviour 
and various environmental factors may contribute to the resultant migration pattern. 
For example, Boyd et al. (1980) reported that the copepods Eucalanus, Calanus and 
Centropages exhibited diel vertical migration at the food abundant in-shore area of 
the Peruvian upwelling but no migration was detectable in the food limited offshore 
area. Similar observations were made by Johnsen and Jakobsen (1987) from food 
manipulating experiment with Daphnia in laboratory. Checkley et al (1992) found 
that zooplankters exhibited little migration in the mixed and eutrophic Inland Sea of 
Japan, although similar taxa have been observed to perform strong diel vertical 
migration in the stratified and oligotrophic waters of the Gulf of Mexico. In 
Patraikos Gulf, the migration magnitude of the copepods Calocalanus and Oithona 
is limited by strong seasonal thermocline (Fragopoulu & Lykakis 1990). Assuming 
predation to be the major driving force of diel vertical migration in zooplankters, it 
is expected that animals will modify their migration activity according to the intensity 
of predation pressure. Several authors have provided evidence to support this idea. 
Bollens and Frost (1989) showed that the migration magnitude of Calanus pacificus 
correlated with the seasonal abundance of planktivorous fish. Forward and Hettler 
21 
(1992) found that brine shrimp larvae adjusted their migration pattern according to 
a combined effect of light intensity and predator exposure. Ohman (1990) also 
demonstrated that the migration pattern of Pseudocalanus newmani was highly 
variable, ranging from no migration, normal migration to reverse migration, 
depending on the type and abundance of predators. Dodson (1988) reported that 
migration in Daphnia was triggered within an hour by chemical cues produced by 
natural predators and such stimulation would last for up to 7 hours. 
( ‘ 
Apparent diel feeding rhythm has been reported repeatedly in migrating 
planktonic grazers (e.g. Peterson et al 1990b; Mackas & Bohrer 1976; Simard et al 
1985; Atkinson et al 1992a). Typically, zooplankters collected during the day 
contain lower gut content than animals collected at night. However, it is difficult to 
conclude whether diel feeding rhythm is related to diel vertical migration. In most 
oceanic environments, the ambient chlorophyll concentration is very low (<2 ptg L]) 
and phytoplankton is limited to the surface waters. In most of the world's oceans 
chlorophyll concentration in deeper water is practically zero (e.g. Peterson et al 
1990b; Morales et al 1991; Atkinson et al 1992a). Therefore, zooplankton grazers 
migrating in and out of the surface layer are in fact moving between environments 
with and without food. As a result, with or without an endogenous feeding rhythm, 
a migrating animal will show a diel variation in its gut content. 
Because zooplankters play an important role in the marine and freshwater food 
webs, information on the diel behaviour (both migration and feeding) is critical to 
understanding the tropho-dynamic process in local ecosystems (e.g. Welschmeyer et 
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al 1984; Lampert & Taylor 1985; Roman et al 1988; Morales et al 1991). 
The present study aims to investigate the diel vertical migration and feeding 
pattern of marine copepods in Tolo Harbour, Hong Kong. Tolo Harbour is an 
embayment located in the northeast of Hong Kong (22°27，N，114�15'E). Total area 
of the harbour is - 5 0 km^ The inner harbour is semi-enclosed and is linked to the 
South China Sea by a narrow channel. The harbour is drained by both freshwater 
runoff from catchment and currents from the South China Sea (Morton 1982). 
Because of the narrow outlet (1.5 km) of the harbour, tidal mixing of the water is 
poor (Chan 1991). Average depth of the inner harbour is <10 m and gradually 
increases to � 2 0 m at the outlet of Tolo Channel (Morton 1982). The maximum 
depth of 22 m recorded at the junction of the inner harbour and the channel is 
presumably the result of bottom dredging during the construction of the Plover Cove 
Reservoir in 1967. Since the 1970's, the catchment of Tolo Harbour has undergone 
rapid urban development. Following the establishment of the new towns of Shatin 
and Tai Po, the catchment population increased from 73,000 in 1973 to 700,000 in 
1991. A third new town, Ma On Shan, is under rapid development since 1988. 
Today the total population around the catchment is estimated at about 1 million. 
Increasing amount of domestic wastes, together with livestock manure and industrial 
effluents have created serious pollution threat to the harbour. 
The marine environment of Tolo Harbour has been studied by several authors 
(Kueh 1974; Morton 1982; Hodgkiss & Chan 1983; Chan & Hodgkiss .1987; Chan 
1991). The common conclusion of these studies is that the water of Tolo Harbour 
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has unde~gone deterioration and eutrophication since the 1960's. The phytoplankton 
community of Tolo Harbour is characterised by high chlorophyll concentrations (Chan 
& Hodgkiss 1987), a gradual replacement of diatoms by dinoflagellates (Lam & Ho 
1989) and frequent red tide occurrence (Wu 1988). Results of a recent survey 
revealed that the ambient chlorophyll concentration in Tolo Harbour is usually> 10 
p,g I-I (Chan 1991). A maximum of over 200 p,gChla I-I has been recorded during the 
peak of a red tide bloom in 1989 (Wong et al. 1992). Such extreme eutrophication 
distinguish~s Tolo Harbour from most oceanic and coastal environments and provides 
an opportunity for the study of the relationship between diel vertical migration and 
diel feeding pattern. The shallow depth of Tolo Harbour restricts migratory 
zooplankters to an environment where food is always plentiful. The presence of diel 
feeding rhythm in such an environment would strongly suggest the occurrence of a 
such rhythm independent of diel vertical migration (cf. Gauld 1953; Lampert & 
Taylor 1985). 
In summary, the objectives of the present study are: 
(1) to study diel vertical migration of marine zooplankton in Tolo Harbour; 
(2) to study diel gut pigment rhythm of marine zooplankton in Tolo Harbour; 
(3) to study the relationship between diel vertical migration and diel gut pigment 
rhythm; 
(4) to estimate the daily grazing impact of the major calanoid copepods on the 
phytoplankton stock in Tolo Harbour. 
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2.3 Material and methods 
2.3.1 Field work 
/ 
Diel vertical migration and diel feeding pattern of zooplankton were studied； 
at a station located near the northern shore at the junction of the main basin of the 
harbour and the channel (Fig. 2.1). Water depth of the station was 22 m. The 
station was visited twice, between July 30 and August 1, 1991 (summerj and between 
( ‘ 
January 24 and 25, 1992 (winter). The water body was divided into 5 layers: 0-3, 
3-6, 6-9, 9-12 m and 12-bottom. During each visit, zooplankton was collected with 
a closing conical net of 0.5 m mouth diameter and 0.125 mm mesh size. Duplicated 
vertical hauls were made from each stratum at 9 time intervals spanning 24 hours. 
Zooplankton sampling at each time interval was always finished within 20 minutes. 
Animals collected from the first net haul were preserved immediately in 4% 
formaldehyde and returned to the laboratory for enumeration and species 
identification. Animals collected from the second net haul were concentrated on 
0.125 mm sieve, washed with filtered seawater, and frozen with liquid nitrogen 
immediately for later determination of their gut pigment fluorescence. Seawater 
samples were collected from each stratum with a Van Dorn water sampler for 
determination of ambient chlorophyll concentrations. Vertical profiles of water 
temperature and dissolved oxygen were measured with an electronic oxygen meter 
(YSI Model 57). A Secchi disk was used to estimate the water transparency. Daily 





















































































2.3.2 Ambient chlorophylla determination 
Seawater samples collected with Van Dom water sampler were stored in 
darkened bottles at near freezing temperature 0°C). Upon returning to the 
t 
laboratory, the water samples were processed immediately. Phytoplankton of size. 
>20 ixm and <20 fxm were separated by passing the seawater through a 20 fim 
sieve. Phytoplankton of each size category were concentrated on 0.45 /xm Millipore 
filters and extracted overnight in 90% acetone in a dark refrigerator. Chlorophylls 
concentration of each acetone extract was determined fluorometrically (Turner Model-
112) in the summer study (Parsons et al. 1984). In the winter study, the ambient 
chlorophyll concentrations were measured with a spectrophotometer (Shimadzu UV-
120-01) (Parsons et al. 1984). Since the spectrophotometer was regularly used to 
cross calibrate the fluorometer, data obtained by the two different methods should be 
comparable. 
2.3.3 Gut pigment fluorescence 
Zooplankton for gut pigment fluorescence analysis were sorted under a low 
light dissecting microscope to minimize photo-degradation of pigment. Gut pigment 
was extracted overnight in 90% acetone in a dark refrigerator. Fluorescence of the 
acetone extracts before and after acidification (5% HCl, 0.1ml/3ml extract) was 
measured with a Turner Model-112 fluorometer in the summer study and a Turner 
Designs 10-AU fluorometer in the winter study. Both instruments were calibrated 
with the same spectrophotometer Shimadza UV-120-01. Fluorescence data were 
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substituted into the equations of Dagg and Wyman (1983) to calculate the amount of 
chlorophylls and phaeopigment per animal. Phaeopigment values were corrected for 
pigment destruction using an estimated average loss of 33 % (Dam and Peterson 1988) 
and the final gut pigment content was expressed as ng chlorophylls equivalent per 
individual (ngChk ind"^). No correction was made for background fluorescence 
because pigment was nearly undetectable in some animals. 
Several authors have discussed the problem of gut fluorescence'method. For 
example, Conover et al (1986) and Lopez et al (1988) found that ingested 
chlorophyll and its derivatives may be broken down into non-fluorescing compounds. 
On the other hand, Gieskes and Kraay (1983) and Hallegraeff and Jeffrey (1985) 
discovered unknown derivatives from chlorophylls which may interfere the 
spectrophotometric and fluorometric properties of chlorophylls. The gut pigment 
fluorescence technique is only applicable to herbivorous zooplankters and its 
reliability is in doubt with omnivorous and detritivorous zooplankters (Boyd et al 
1980). Moreover, different taxa of ingested phytoplankton cannot be distinguished 
by the method. While new methods are being developed (e.g. Kleppel & Pieper 
1984; Klein et al 1986; Napp & Long 1989), the gut fluorescence technique remains 
one of the most convenient methods in field studies. 
2.3.4 Gut evacuation 
Gut evacuation was studied on shipboard during the summer study" (July 31 -
August 1, 1991). Zooplankton was collected near the surface at midnight. After 
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retrieval of the net, animals collected in the cod end was washed immediately with 
0.45 /*m-filtered surface seawater and transferred into a bucket containing —3 1 of 
0.45 ^m-filtered surface seawater collected earlier at the same sampling station. The 
animals were allowed to evacuate their gut content at 26°C. Animals were 
subsampled at intervals of 0.5-8.0 minutes by pouring 200 ml samples through a. 
0.125 mm sieve. Gut pigment fluorescence of the animals was later measured in 
laboratory as described in section 2.3.3. 
2.3.5 Feeding impact 
Assuming that ingestion and egestion are in equilibrium, on average, then 
ingestion rates can be estimated as: 
I = KG 
where I is ingestion rate in ngChla individual] min"\ K is the gut evacuation constant 
in min-i and G is gut pigment level in ngChla individual"^ Clearance rates, expressed 
as ml individual"^ were calculated from: 
F = 60 X I / C 
where F is clearance rate and C, expressed as mgChk m-3, is the ambient chlorophyll 
concentration. Feeding impact is defined by the volume of water swept clear of 
chlorophylls per liter of water per day by the population and is estimated as: 
Ft = F X A X 24 
where Ft is population feeding impact and A is animal l]. 
29 
2.3.5 Statistical analysis 
For the study of diel vertical migration, it was expected that the animals would 
stay in deeper waters at daytime and near the surface at nighttime. Animal abundance 
in the 0-3 m layer and population mean depths for both daytime (before sunset and-
after sunrise) and nighttime (after sunset and before sunrise) were calculated. One-
tailed Student's t test (Zar 1984) was used to evaluate the following null hypotheses: 
1: Daytime animal abundance in the 0-3 m layer > Nighttime animal abundance in 
the 0-3 m layer. 
2： Daytime mean depth < Nighttime mean depth. 
Significant level was chosen at P=0.05. Animals were regarded as 
performing diel vertical migration if at least one of the hypotheses was rejected. 
For the study of diel gut pigment rhythm, the results were tested with 2-way 
ANOVA (Zar 1984) at P=0.05 with time of day and depth as major factors. Since 
no replicate tow was made, there was only one datum for each combination of factors 
(i.e. n = l for all cells) and a test for the significance of interaction was not possible. 
Under such situation, ANOVA analysis was not advisable; but if a significant effect 
was concluded, then that conclusion could be accepted (Zar 1984). It was expected 
that the gut pigment content of the animals at night should be higher than in day; 
therefore, if a significant effect of time of day was concluded from ANOVA, the one-
tailed Student's t test (P=0.05) was applied to test the following null .hypothesis: 
Mean gut pigment in day > Mean gut pigment at night. 
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2.4 Results 
2.4.1 Hydrographical conditions 
During the summer study (Jul 31-Aug 1，1991) (Fig. 2.2), a strong seasonal 
thermocline was observed. Water temperature ranged from 27°C at the surface to 
22®C at the bottom (22 m). Dissolved oxygen concentration was stratified in a 
similar manner. The minimum dissolved oxygen concentration of - 2 . 5 ppm was 
recorded at the bottom. Surface dissolved oxygen concentration was 8.9 ppm at 
midnight and 11.0 ppm at noon. Maximum photon flux density at surface water was 
1300 f i E m V at 1500 h. Photon flux density was undetectable between sunset at 
1900 h and sunrise at 0600 h. After sunrise, the photon flux density at surface water 
increased gradually from zero to maximum at noon. Secchi depth was 5.0 m at noon. 
During the winter study (Jan 24-25, 1993) (Fig. 2.2), the water temperature 
was generally lower than that in summer. Seasonal thermocline was not observed, 
although surface temperature tended to be a little bit higher than that in bottom. 
Temperature of the water column ranged from 16 to 17°C at midnight and from 15.5 
to 17®C at noon. At noon, the maximum dissolved oxygen concentration of 10.5 
ppm was recorded at surface. Dissolved oxygen concentration gradually decreased 
to a minimum of - 8 ppm at 10 m and remained stable thereafter. The surface 
dissolved oxygen concentration dropped to 8.4 ppm at midnight, indicating high 
oxygen consumption at the surface layer at night. The maximum dissolved 
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Fig 2 2 Vertical profiles of dissolved oxygen, temperature and chlorophylls 
in Tolo Harbour during 31 July - 1 August, 1991 (A) and dunng 24 -
25 January, 1992 (B). Horizontal bars represent ranges. 
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oxygen concentration of 9.6 ppm was recorded at the subsurface 2 m layer. The 
minimum dissolved oxygen concentration of 7.5 ppm was recorded from 10 m and 
below. The highest photon flux density at surface water was 3000 fiExrvh'^  at 1200 
h. Sunset and sunrise were at 1800 h and 0700 h, respectively. Secchi depth was 
3.0 m at noon. 
2.4.2 Ambient chlorophylla concentration 
More than 10 mgChla m"^  was recorded at the surface during the summer 
study. The ambient chlorophylla concentration decreased rapidly to - 3 mgChlfl m'^  
at 3-6 m layer. Over 1.3 mgChla m"^  was recorded at the bottom layer (Fig. 2.2). 
About 60% of the total chlorophylla was derived from particles <20 fim. 
During the winter study, the harbour was affected by a red-tide. The surface 
of Tolo Harbour was covered by a shade of red colour. The dominant red-tide 
causing organism was the dinoflagellate Noctiluca scintillans with a body size >200 
fjLm, Since the large dinoflagellates seriously blocked the Millipore filters, the 
ambient chlorophylla concentration was determined after the water samples were 
screened through a 0.125 mm sieve to exclude large red-tide organisms and other 
colonial algae. Subsequently, chlorophylls derived from particles <20 jxtn accounted 
for >90% of the ambient chlorophyll. The ambient chlorophylls concentration was 
much lower than that in summer. The maximum was 2.6 mgChk m"^  at the surface. 
Waters deeper than 6 m appeared to be food-limiting and less than 0.3 mgChla m'^  
was recorded (Fig. 2.2). 
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2.4.3 Zooplankton community 
A total of 15 species of calanoid copepod and 5 species of cyclopoid copepod 
were identified from the 45 samples in the summer study. Calanoid copepods 
/ 
accounted for about 50% of the total copepods. Paracalanus parvus and Paracalanus 
crassirostris were the numerically dominant species. Together they accounted for 
41 % of the zooplankton. Acartia erythraea and Eucalanus subcrassus accounted for 
about 1.6 and 0.2% of the zooplankton, respectively. These species formed a 
conspicuous component of the zooplankton community because of their large body 
size (Table 2.1). 
During the winter study, only 8 species of calanoid copepod and 5 species of 
cyclopoid copepod were identified from the 45 samples. A large number of 
copepodites of unknown species were also collected. Among the identified calanoid 
copepods, Paracalanus parvus and Paracalanus crassirostris were numerically 
dominant although their abundance was much lower that in summer. Extremely low 
abundance of Acartia erythraea and Eucalanus subcrassus was found in few samples. 
During the winter study, the harbour was affected by a bloom of the dinoflagellate 
Noctiluca scintillans. Since the dinoflagellate have a body size >200 /im, they were 
always included in the zooplankton samples. Mean abundance of N. scintillans was 
1.6 X 10^  m-3. On average, N. scintillans accounted for 86% of the total net plankton 
(Table 2.2). Nearly 80% of N, scintillans was concentrated in the 0-3 m layer and 
no diel difference in vertical distribution was detected (Fig. 2.3) 
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Table 2.1 Abundance of major calanoid copepods in Tolo Harbour during 31 July - 1 August, 1991. 
Species Mean abundance % of total 
(ani m'') zooplankton 
Paracalanus parvus 7163 20.4 
P. crassirostris 7468 21.3 
Acartia erythraea 576 1.6 
Eucalanus subcrassus 79 
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Table 2.2 Abundance of major calanoid copepods in Tolo Harbour during 31 July - 1 August, 1991. 
Species Mean abundance % of total 
(ani m-3) zooplankton 
Paracalanus parvus 2432 1.3 





Fig. 2.3 Vertical distribution of Noctiluca scintillans in Tolo Harbour during 
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2.4.4 Diel vertical migration in summer 
2.4.4.1 Paracalanus parvus 
/ 
Paracalanus parvus of stages CV and adults were combined and no effort was -
made to distinguish between males and females. The highest abundance was found 
in the 0-6 m layer (Fig. 2.4). Animals in the 0-3 m layer accounted for 51% of the 
total population. Mean depths of the population were 3.7 m in day and 3.5 m at 
night. Both null hypotheses concerning vertical migration (see 2.3.5) were not 
r 
rejected and P. parvus was regarded as non-migratory (Table 2.3). 
2.4.4.2 Paracalanus crassirostris 
Paracalanus crassirostris of stages CV and adults were combined and no 
effort was made to distinguish between males and females. Similar to P. parvus, the 
highest abundance of P. crassirostris was found in the 0-6 m layer (Fig. 2.4). 
Animals in the 0-3 m layer accounted for 43% of the total population. Mean depths 
of the population were 4.3 m in day and 4.2 m at night. Paracalanus crassirostris 
exhibited a deeper mean depth than P. parvus because the population of P. 
crassirostris was more dispersed along the water column. Both null hypotheses were 






Fig. 2.4 Vertical distribution of Paracalanus parvus (A), Paracalanus crassirostris 
(B), Acartia erythraea (C) and Eucalanus subcrassus (D) in Tolo Harbour 
during 31 July - 1 August, 1991. 
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Table 2.3 Day-night difference in the vertical distribution of copepods 
in Tolo Harbour during 31 July - 1 August, 1991. 
Mean abundance in Mean depth (m) 
0-3 m (Ani m，） 
Species 
Day Night Day Night 
Paracalanus parvus 22239 17373 3.7 3.5 
P. crassirostris 17656 16977 4.3 4.2 
Acartia erythraea 436 2754 6.7 4.0 
Eucalanus subcrassus 82 189 ^ 4.5 
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2.4.4.3 Acartia erythraea 
Acartia erythraea of stages CV and adults were combined. Although Uye et 
al (1990) reported different migration pattern between male and female copepods, 
i 
casual observation revealed no apparent difference in diel distribution between male-
and female A, erythraea in the present study and the sexes were pooled together. 
Density throughout the water column was low during daytime (Fig. 2.4). During the 
dark period (2100 h - 0300 h), number in the 0-9 m layer increased sharply. Mean 
abundance in the 0-3 m layer was significant higher at night (2754 ani m"^ ) than in 
day (436 ani m'^). Mean depths of the population was 4.0 m at night and 6.7 m in 
day, indicating that the population descended to significantly deeper water at day 
(Table 2.3). 
2.4.4.4 Eucalanus subcrassus 
Eucalanus subcrassus individuals from 1.04 to 1.74 mm were included in the 
analysis and no effort was made to distinguish between animals of different sexes and 
ontogenetic stages. From 1500 h to 1800 h, maximum abundance was found in 6-9 
m layer (Fig. 2.4). Between 0600 and 1200 h, few animals were found in the entire 
water column. Mean abundance in the 0-3 m layer was 83 ani m'^  in day. During 
2100 h to 0300 h, abundance in the 0-3 m layer increased significantly to 189 ani m-^ 
Population mean depth increased significantly from 4.5 m at night to 8.3 m in day 
(Table 2.3). 
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2.4.5 Diel vertical migration in winter 
2.4.5.1 Paracalanus parvus 
During the winter study, R parvus seemed to avoid the 0-3 m layer most of 
the day (Fig. 2.5). Mean abundance in the 0-3 m layer was statistically higher at 
night (3658 ani m'^ ) than in day (457 ani m"^ ). Population mean depth was 9.5 m in 
daytime and 7.1 m at night. Statistical test showed that P. parvus performed diel 
vertical migration according to null hypothesis concerning diel difference in the 
number of animals in the 0-3 m layer. Null hypothesis concerning population mean 
depth was not rejected (Table 2.4). 
2.4.5.2 Paracalanus crassirostris 
A large portion of the P. crassirostris population was found below 6 m (Fig. 
2.5). Peak abundance was found in 3-6 m layer at 1200 h. Population mean depth 
was 7.3 m in day and 8.8 m at night. No diel vertical migration could be concluded 
from statistical tests (Table 2.4). 
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Fig. 2.5 Vertical distribution of Paracalanus parvus (A) and Paracalanus 
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Table 2.4 Day-night difference in the vertical distribution of copepods in 
Tolo Harbour during 24 _ 25 January, 1992. 
Mean abundance in Mean depth (m) 
0-3 m (Ani m，） 
Species 
Day Night Day Night 
Paracalanus parvus 457 3658 9.5 7.1 
P. crassirostris 177 185 7.3 8.8 
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2.4.6 Gut pigment variations in summer 
2.4.6.1 Paracalanus parvus (Fig. 2.6) 
i 
Mean gut pigment level of P. parvus was 0.64 ngChla ind'^  over 24 h (Table 
2.5). Animals collected from 1900 h to 2100 h tended to contain more gut pigment 
(Fig. 2.7). Unexpectedly high gut pigment levels were observed at 1200. Gut 
pigment levels were higher in the 0-3 and 3-6 m layers (0.77 - 0.94'ngChla ind]) 
than in deeper waters (~0.5 ngChla ind]) (Fig. 2.8). Although 2-way ANOVA 
revealed significant effects of depth and time, Student's t test failed to show a 
significant nighttime increase in gut pigment. 
2.4.6.2 Paracalanus crassirostris (Fig. 2.6) 
Mean gut pigment level of P. crassirostris over 24 h was the same as that of 
P. parvus (Table 2.5). Again, exceptionally high gut pigment levels were also found 
at 1200 h on Aug 1, 91 (Fig. 2.7). Vertical profile of gut pigment of P. crassirostris 
was nearly identical to that of P. parvus (Fig. 2.8). Significant effects of depth and 
time were concluded from 2-way ANOVA, but a Student's t test showed no 
significant nighttime increase in gut pigment. 
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Fig. 2.6 Gut pigment levels of Paracalanus parvus (A), Paracalanus crassirostris 
(B), Acartia erythraea (C) and Eucalanus subcrassus (D) in Tolo Harbour 
(luring 31 July - 1 August, 1991. 
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Fig. 2.7 Diel change in mean gut pigment levels of marine copepods in Tolo 
Harbour during 31 July - 1 August, 1991. Vertical bars represent 90% CI. 
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Fig. 2.8 Vertical profiles of mean gut pigment levels of marine copepods in Tolo 
Harbour during 31 July - 1 August, 1991. Vertical bars represent 90% CI. 
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Table 2.5 Gut pigment level (ngChla ind'') of copepods in Tolo Harbour 
during 31 July _ 1 August, 1991. 
Overall mean Mean gut pigment 
Species gut pigment 
Day Night 
Paracalanus parvus 0.64 0.63 0.60 
P. crassirostris 0.64 0.66 0.55 
Acartia erythraea 2.01 1.25 2.93 
Eucalanus subcrassus 3.25 1.69 4.81 
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2.4.6.3 Acartia erythraea (Fig. 2.6) 
Mean gut pigment level of A. erythraea was 2.01 ngChla ind" over 24 h 
(Table 2.5). Both depth and time had significant effects on the gut pigment contents. 
Animals collected from the 0-6 m layer contained more gut pigment than those from: 
deeper waters (Fig. 2.8). Diel change in gut pigment level was clearly apparent (Fig. 
2.7). Gut pigment level significantly increased from an average of 1.25 ngChla ind'^  
in day to an average of 2.93 ngChla ind"^  at night. ‘ 
2.4.6.4 Eucalanus subcrassus (Fig. 2.6) 
Gut pigment level of E. subcrassus averaged 3.25 ngChla ind"^  over 24 h 
(Table 2.5). Since there were missing data, 2-way ANOVA was not applicable. 
Animals in the 0-6 m layer contained more gut pigment than those in deeper waters 
(Fig. 2.8) Student's t test showed that mean gut pigment level was significantly higher 
at night (4.81 ngChkz ind'') than in day (1.69 ngChla ind]). Animals collected during 
sunset at 1900 h already contained high pigment level indicating the feeding probably 
began shortly before sunset (Fig. 2.7). 
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2,4.7 Gut pigment variations in winter 
2.4.7.1 Paracalanus parvus (Fig. 2.9) 
Mean gut pigment of P. parvus was 0.46 ngChla ind'* over 24 h during the 
winter study, which was slightly lower than that in summer (Table 2.6). 2-way. 
ANOVA revealed significant effects for both time and depth. Gut pigment levels of 
the animals increased gradually with depth (Fig. 2.11). Gut pigment level was 
highest at 2100 h and remained more or less the same during the rest of the day (Fig. 
2.10). Mean gut pigment level was significantly higher at night (0.55 ngChk ind"^ ) 
than in day (0.34 ngChk ind" )^. 
2.4.7.2 Paracalanus crassirostris (Fig. 2.9) 
Mean gut pigment level of P. crassirostris was 0.51 ngChla ind] over 24 h 
during the winter study (Table 2.6). The presence of missing data rendered the 2-
way ANOVA inapplicable. However, it could be observed that gut pigment levels 
were generally higher in deeper waters (Fig. 2.11). Mean gut pigment level 




Fig. 2.9 Gut pigment levels of Paracalanus parvus (A) and Paracalanus 
crassirostris (B) in Tolo Harbour during 24 - 25 January, 1992. 
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Fig 2.10 Diel change in mean gut pigment levels of marine copepods in Tolo 
Harbour during 24 - 25 January, 1992. Vertical bars represent 90% CI. 
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Fig. 2.11 Vertical profiles of mean gut pigment levels of marine copepods in Tolo 
• Harbour during 24 - 25 January, 1992. Vertical bars represent 90% CI. 
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Table 2.6 Gut pigment level (ngChla ind'') of copepods in Tolo Harbour 
during 24 - 25 January, 1992. 
Overall mean Mean gut pigment 
Species gut pigment 
Day Night 
Paracalanus parvus 0.46 0.34 0.55 
P. crassirostris ^ ^ 0.65 
/ 
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2.4.8 Gut evacuation 
2.4.8.1 Paracalanus 
Individuals of both R parvus and P. crassirostris were used to determine the 
gut evacuation rate for Paracalanus. Gut pigment level decreased gradually over the 
first 34 minutes after the animals were transferred to filtered seawater (Fig. 2.12). 
When the data were fitted into an exponential equation, the evacuation rate constant 
- K was 0.051 min-i (r^ 二 0.74). 
2.4.8.2 Acartia erythraea 
Gut pigment levels of A. erythraea declined very slowly during the first 30 
minutes of starvation (Fig. 2.13). A significant decrease in gut pigment level was 
observed only after 34 minutes. The data were fitted into an exponential equation to 
derive an evacuation rate constant K of 0.043 min-i (p = 0.52). 
2.4.8.3 Eucalanus subcrassus 
The number ofE. subcrassus collected was too small for gut evacuation study. 
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Fig. 2.12 Gut evacuation of Paracalanus sp. 
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Fig. 2.13 Gut evacuation of Acartia erythraea. 
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2.4.9 Feeding impact in summer 
Over 70% of the ambient chlorophylls was found in the 0-6 m layer; 
therefore, trophic interaction between copepods and phytoplankton was expected to 
i 
be most significant in the 0-6 m layer. Accordingly, the feeding impacts of 
Paracalanus and A. erythraea in the 0-6 m layer were estimated. Paffenhofer (1984) 
reported that Paracalanus copepodites and adult differentially select algal cells of size 
<20 fxm; therefore, in the present study, calculation of feeding impact of 
) Paracalanus was based on the ambient chlorophylls concentration derived from 
particles <20 iim. On the other hand, Richman et al (1977) observed that adult 
females of Acartia tonsa and A. clausi selectively fed on large particles. Wilson 
(1973) also found that A. tonsa of stages CV and adult preferentially select plastic 
beads of diameter up to 55 /xm. In the following calculation, total ambient 
chlorophylls was applied in estimating the feeding impact of A, erythraea. Feeding 
impact in day was estimated using the ambient chlorophyllc concentration recorded 
in day, and feeding impact at night was estimated with the ambient chlorophylls 
concentration at night. The daily clearance rates and feeding impacts of P. parvus, 
P. crassirostris and A. erythraea during the summer study were presented in Tables 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.4.10 Feeding impact in winter 
Ambient chlorophyll derived from <20 ptm particles was used to calculate 
the feeding impact of Paracalanus, Since over 85% of the chlorophylls was found 
c 
in the 0-6 m layer. Daily clearance rates and feeding impacts of Paracalanus in the 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.5.1 Hydrographical conditions 
Thermocline develops in Tolo Harbour during summer (Chan 1991). Seasonal 
• • 
thermocline, together with vertical gradient in salinity (Wear et al. 1984) prevent 
vertical mixing of the water column and result in vertical stratification of dissolved 
oxygen concentration. During the summer study, the surface water was > 100% 
saturated with dissolved oxygen and the bottom water was only about 30% saturated. 
These values agree with those reported by Chan (1991). The depth of 1% surface 
irradiance estimated from Secchi depth was 13.5 m (Boney 1983). Ambient 
chlorophylls concentration was highest in the 0-3 m layer. The total ambient 
chlorophylls concentrations were much higher than those in open oceans but 
comparable to those in polluted coastal waters (Day et al 1989). Chlorophylls 
concentrations were highest in the surface and declined towards the bottom, but 
values in the bottom layers were still comparable to those found in the surface waters 
of open oceans. Chan (1991) reported a dominance of dinoflagellates in Tolo 
Harbour. Some dinoflagellates are known to be toxic to marine zooplankton (Huntley 
et al 1986). Many are too large to be ingested by zooplankton (e.g. Noctiluca 
scintillans, commonly found in Tolo Harbour, has a body size >200 fim). However, 
no toxic dinoflagellate has been reported in Tolo Harbour (Holmes & Lam 1985). 
In the summer study, 60% of the chlorophylls in the water column was derived from 
small particles (<20 ixm) which presumably are suitable food for most herbivorous 
copepods. 
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Stratification of dissolved oxygen was still observed in winter when the 
thermocline had already disappeared. Degree of oxygen saturation at the surface 
decreased from over 100% at noon to 87% at midnight. The 0-3 m layer was densely 
packed with the dinoflagellate Noctiluca scintillans. Level of dissolved oxygen in the 
surface water declined noticeably at night when oxygen consumed by N, scintillans 
was not replenished by photosynthesis. Since the dinoflagellates were mainly 
confined to the surface layer, midnight decrease in dissolved oxygen was not observed 
below 3 m. Recent advances in dinoflagellate research confirm that the genus 
Noctiluca exclusively comprises heterotrophic species lacking chloroplast (Larsen & 
Soumia 1991). Therefore, N. scintillans would not contribute to the ambient 
chlorophylls in the winter study. However, since the water was filtered through 
0.125 mm sieve before chlorophyll extraction, phytoplankton with size > 125 /xm 
(e.g. chainform Chaetoceros) was also lost from the filtrate and the resulting 
chlorophylla concentration was much lower than that reported by Chan (1991). 
Nevertheless, the surface chlorophylls concentration was still close to that in open 
oceans. Waters below 8 m contained very little chlorophylls and might be food-
limiting for herbivorous copepods. Although the surface photon flux density at noon 
was much higher during the winter study than during the summer study, incoming 
solar radiation was blocked by the dense population of N. scintillans, resulting in 
shallower Secchi depth. Estimated depth of 1% surface irradiance was 8.1 m. 
Using ambient chlorophylk concentration to estimate food availability for 
herbivorous copepods suffers from several shortcomings. The grazing performance 
of copepods is known to be affected by particle size (Frost 1972; Cowles 1979; 
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Paffenhofer 1984), particle concentration (Frost 1972), food quality (reviewed by 
Huntley 1988)，morphology of the food particle (reviewed by Mullin 1963) and food 
type combination (Paffenhofer 1984); however, these factors were not demonstrable 
from the ambient chlorophylla data. 
1 
2.5.2 Diel vertical migration and gut pigment variations in summer 
Paracalanus is commonly found in productive coastal waters (Chen & Zhang 
1965; Chen 1992). P. parvus forms an important component of the zooplankton 
community in the Nova Scotian continental shelf and Bedford Basin (Mackas & 
Bohrer 1976)，Patraikos Gulf (Fragopoulu & Lykakis 1990) and the southern 
Benguela upwelling (Peterson et al, 1990b). P. parvus and P. crassirostris are 
important copepod species in the Inland Sea of Japan (Checkley et al 1992) and the 
western Xiamen Harbour of China (Dai et al. 1991). In Tolo Harbour, P. parvus and 
P. crassirostris are the dominant calanoid copepods throughout the year (Wong et al, 
1993). 
Both P. parvus and P. crassirostirs showed no vertical migration in the 
summer study. Although the animals were found throughout the entire water column, 
over 70% of the population stayed in the 0-6 m layer 14 of the water column) and 
the mean depths of the two species were 3.6 and 4.2 m, respectively. Other authors 
also reported no diel vertical migration in these species (Mackas & Bohrer 1976; 
Peterson et al 1990b; Checkley et al 1992). Fragapoulu and Lykakis (1990) 
reported that temperature discontinuity in summer did not prevent vertical migration 
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of p. parvus] therefore, the absence of migration in Paracalanus during the summer 
study was problably not due to the development of thermocline. The small body size 
of P. parvus and P. crassirostris, ranging from 0.52 to 0.87 mm, may help avoiding 
visual predator in daytime and thus diel vertical migration is not required. 
The mean gut pigment contents of the two Paracalanus species were almost 
similar because of their similar body size and presumably similar food requirements. 
The mean gut pigment levels of P. parvus were lower than those recorded in the 
Nova Scotian continental shelf and Bedford Basin (Mackas and Bohrer 1976). On the 
other hand, the mean gut pigment levels of P. parvus were comparable to those 
recorded in the inshore region of the Benguela upwelling (Peterson et al. 1990b). 
Peterson et ah reported an ambient chlorophylls concentration of 20 - 30 mgChla m'^  
in the layer where P. parvus resided, which was much higher than the values found 
in the present study. These observations suggested that the in situ gut pigment 
content of the animals may be affected by parameters other than ambient chlorophylls 
concentration, such as hydrographical and food conditions (Conover & Huntley 1980; 
Huntley 1988). Peterson et al (1990b) reported a diel gut pigment rhythm in both 
the mid-shelf station and the more eutrophic inshore station of the Benguela 
upwelling. However, no diel gut pigment rhythm was observed for both Paracalanus 
species in Tolo Harbour during the summer study. 
Acartia erythraea and Eucalanus subcrassus formed a conspicuous component 
of the zooplankton community because of their large body size. Acartia erythraea 
has a body size of 1.04 - 1.22 mm and E, subcrassus has a body size of 1.04 - L74 
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mm. Large copepods are more conspicuous to visual predators when their guts are 
packed with food. Thus, there is probably selective pressure for animals to reduce 
the amount of gut pigment or perform diel vertical migration to avoid the predators 
during daytime. Both strategies were adopted by A. erythraea and E. subcrassus in 
Tolo Harbour during the summer study. 
Acartia erythraea resided at the mean depth of 6.7 m received only 10% of 
surface irradiance during day. At night, the population moved close^to the surface 
and significantly higher numbers of animals were found in the 0-3 m layer. The 
population mean depth ofE. subcrassus was slightly deeper than that of A. erythraea 
in day. Although E. subcrassus performed diel vertical migration, the population also 
stayed in a deeper mean depth than A. erythraea at night. This suggested that the 
visual predation pressure against E. subcrassus was greater than that against A, 
erythraea because of the slightly larger body size of E. subcrassus. 
In general, mean gut pigment levels of A. erythraea and E, subcrassus were 
much higher than the smaller sized Paracalanus species. Acartia erythraea and E. 
subcrassus collected from upper layers contained more gut pigment, presumably 
because the ambient chlorophylls concentration was higher in the upper layers. For 
both A, erythraea and E, subcrassus, mean gut pigment levels were significantly 
higher at night than in day, indicating a diel gut pigment rhythm. The copepods 
exhibited both diel vertical migration and diel gut pigment rhythm; therefore, it is 
difficult to exclude the possibility that the apparent gut pigment rhythm was due to 
feeding by relatively starved individuals who reached the surface layer at night (Gauld 
70 
1953). However, since some individuals were always present in the 0-3 m layer, the 
significant nocturnal increase in gut pigment levels in this layer (Student's t test, 
p<0.05) could have been the result of both increased feeding rates of individuals 
who were present in the surface layer during the day, as well as feeding by starved 
migrants (Peterson et al. 1990b). In addition, the gut pigment levels of both A: 
erythraea and E, subcrassus started to increase during sunset at 1900 h before 
obvious upward migration was detected. These observations suggested that the 
animals started to increase their feeding rates during sunset before they started to 
migrate upward. 
Besides phytoplankton, Acartia and Eucalanus are known to ingest other food 
particles, such as bacteria, microzooplankton and detritus (Boyd et al 1980; Stoecker 
& Capuzzo 1990; Kleppel et al. 1991; Turner & Tester 1992). Feeding of the 
animals on food other than chlorophyll-containing phytoplankton cannot be detected 
by gut fluorescence technique; thus gut pigment fluorescence only gives a 
conservative estimate of the feeding activity of the copepods. The range of gut 
pigment levels for A, erythraea in the present study was close to those reported for 
A, grani (Bautista et al 1988)，A. omorii (Ishii 1990) and A. negligens (Wong et al 
1990). Eucalanus in the Peru upwelling are bigger and have higher maximum gut 
pigment levels, but their gut pigment levels are generally <5 ng pig ind.i (Boyd et 
al 1980) which are comparable to the values for E, subcrassus in the present study. 
• . 
71 
2.5.3 Diel vertical migration and gut pigment variation in winter 
Significantly smaller populations of R parvus and R crassirostris v^erc found 
in winter. The red-tide causing dinoflagellate, Noctiluca scintillans, observed in the 
winter study are probably not grazed by any of the planktonic copepods. Wong et 
al. (1992) reported that the natural ingestion rate of the marine cladoceran Penilia 
avirostris was reduced during the peak of a red-tide formed by N. scintillam. 
Assuming that only particles < 125 ixm were ingested by the calanoid copepods, food 
availability was clearly much lower in winter than in summer. However, when 
averaged over 24 h, mean gut pigment levels of the summer and winter populations 
did not differ significantly (Student's t test, P>0.05). This suggested that 
Paracalanus was prabably not limited by food during the winter and chlorophylls 
concentrations encountered during the summer study were in excess of the food 
requirement of Paracalanus. 
Both P. parvus and P. crassirostris resided in deeper mean depths during the 
winter study. Dodson (1990) found a strong correlation between magnitude of 
vertical migration of Daphnia and Secchi depth and concluded that vertical migration 
serves to minimize mortality from fish predators. Since water transparency was 
lower during the winter study, the deeper residence of the copepods was not 
consistent with the predation hypothesis. Presumably, Paracalanus stayed in deep 
waters during the day to avoid N. scintillam which concentrated near the surface. 
P. crassirostris remained non-migratory throughout the study. Significantly more P. 
parvus could be found in the 0-3 m layer at night although no diel vertical migration 
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could be concluded from hypothesis based on diel differences in mean depths. 
Bioluminescent dinoflagellate disturbed by migrating zooplankters will generate 
flashes which attract visual predators (Koslow 1979). Thus, there is an advantage for 
Paracalanus to reside in the deep waters and to avoid contact with N. scintillans, the 
principal contributors to planktonic luminescence during the winter study. In general, 
animals with more gut pigment were found in deeper waters, suggesting that the 
dense Noctiluca population in the upper water might inhibit the feeding of the 
copepods. Noctiluca is confirmed to be an heterotrophic organism (Larsen & 
Soumia 1991) which ingests almost everything it can capture, including 
phytoplankton, zooplankton, and metazoan eggs (Sanders 1991). Noctiluca usually 
capture their food by phagotrophy sensu stricto (Elbrachter 1991). Millions of 
Noctiluca cells may aggregate at the sea surface and excrete mucus by an unknown 
mechanism to form a Noctiluca-sWmt aggregation which then sinks to trap food 
particles in the water column (Elbrachter 1991). In the winter study, dense 
aggregations ofK scintillans were found in the 0-3 m layer, suggesting that feeding 
of of these dinoflagellates was mainly confined to the surface layer. Noctiluca 
containing ingested copepods was encountered only once during the course of this 
study. The potential "predation pressure" by Noctiluca upon copepods could not be 
evaluated. However, it is possible that bioluminescence and mucus secretion of N, 
scintillans affect the normal swimming and feeding of the copepods (Buskey et al 
1983). Laboratory (Huntley et al 1986，1987) and field studies (Wong et al 1992) 
have confirmed that the feeding performance of zooplankters could be affected by the 
presence of red-tide dinoflagellates. Both Paracalanus species exhibited diel gut 
pigment rhythm during the winter study. It is not clear whether diel vertical 
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migration in P. parvus and diel gut pigment rhythm in both Paracalanus species in 
winter was due to increased interference by N. scintillans and predation pressure by 
predators. Nevertheless, the occurrence of diel gut pigment rhythm in non-migrating 
P. crassirostris suggested a feeding rhythm independent of vertical migration. 
2.5.4 Gut evacuation and feeding impact 
Estimation of ingestion rate with gut fluorescence method requires the 
determination of gut evacuation rate as the fraction of gut pigment evacuated by 
starving animals per unit time. Many authors reported that the decline in gut pigment 
levels could be best described by exponential equations (e.g. Mackas & Bohrer 1976; 
Dagg & Wyman 1983; Ki< r^boe et al 1985; Bautista et al 1988). One important 
assumption in applying gut evacuation rate is that ingestion of the feeding animal is 
in equilibrium with egestion, which can be estimated from gut evacuation of starving 
animal. Penry and Frost (1990) argued that gut evacuation of starving animals cannot 
represent the natural situation where animals feed continuously. Peterson et al. 
(1990a) suggested that food resident time in the gut should be longer in the absence 
of feeding. Dagg and Walser (1987) observed that the gut passage time of 
Neocalanus plumchrus was reduced at low food concentration. However, Ellis and 
Small (1989) found no significant difference in gut evacuation rates between feeding 
and non-feeding Calanus marshallae. Several authors reported an underestimation 
of ingestion rate resulted from inaccurate determination of gut evacuation rate by gut 
fluorescence method (Baars & Helling 1985; Peterson et al 1990a). On the contrary, 
Dagg and Grill (1980) and Kic^rboe et al. (1985) noted that gut fluorescence method 
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gave as representative estimates of in situ ingestion rates as other methods. Dam and 
Peterson (1988) and Wlodarczyk et al (1992) found that gut evacuation rate was 
positively related to temperature. Therefore, copepods residing in different water 
temperature would have different gut passage time and thus different ingestion rate. 
In the present gut evacuation experiment, collected copepods were pooled together 
and allowed to evacuate their gut at the same temperature (26�C). Therefore, the gut 
evacuation rate constants obtained would be just rough estimates for the copepod 
populations. On the other hand, Baars and Oosterhuis (cited in Baars & Helling 
1985) did not observe a temperature dependent increase in gut evacuation rate. 
Subsequently, the gut evacuation rates determined during the summer study were 
applied to estimate the ingestion rates, clearance rates and feeding impacts of A, 
erythraea during the summer study and of P. parvus and P. crassirostris during both 
summer and winter studies. 
Although the large body size of A. erythraea could hold more gut pigment 
than P. parvus and P. crassirostris (section 2.4.6)，the gut evacuation rate constant 
of A erythraea was smaller than that of the latter two species. It means that the gut 
pigments was retained for a longer period in the gut of A. erythraea than 
Paracalanus, Gut retention time can be estimated as the reciprocal of gut evacuation 
rate constant. The gut retention time was 23.3 minutes for A. erythraea and 19.6 
minutes for Paracalanus, 
Bautista et al (1988) reported a gut evacuation rate constant of "0.047 min] 
for A, grani which is close to the value for A, erythraea in the present study. 
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Assuming a mean food volume concentration of 4.69 x 10^  /xm^  ml.i in their study, 
Allan et al (1977) reported that A, tonsa of stages CV to adult consume on average 
11.25 X 106 day-i. O'Connors et al (1976) observed that at a Thalassiosira 
mrdemkioldii concentration of xlO^ /xm^  ml'S adult females of A. clausi would 
consume 10-50 x 10^  ixm' d a y � L a m and Ho (1989) reported that the mean 
concentration of diatoms in Tolo Harbour was - 5000 cells ml"^  from 1982-1985. 
Using a mean cell diameter of 10 /^ m, A. erythraea in the 0-6 m layer in the present 
study would have ingested 27.0 x 10^  iim" day^ This estimate is comparable to the 
values reported for other Acartia species. 
Assuming Paracalanus mainly ingested particles <20 pm (Section 2.4.9) 
which accounted for about 60% of total ambient chlorophylls (Section 2.4.2), food 
available for Paracalanus was estimated as 5000 x 60% 二 3000 cells ml"^  (Lam & 
Ho 1989). This gives a daily ipgestion of 10.0 x 10' ^m^ day.! for P. parvus and 9.7 
X 106 fim^ day-' for P. crassirostris in summer. Paffenhofer (1984) found that when 
being fed with Thalassiosira weissflogii (diameter 10 ixm), Paracalanus of stages CV 
and adult exhibited a maximum ingestion rate of 一 100 x 10^  v-x^ dayi which was 
several times higher than the values found in the present study. However, animals 
feeding on pure algal diets in the laboratory have been known to exhibit higher 
feeding rates than those observed under natural conditions (Dagg & Grill 1980; 
Nicolajsen et al. 1983). In addition, Paffenhofer (1984) reported that the ingestion 
of Paracalanus was reduced in mixture of particles of different size. Therefore, the 
lower ingestion rates of Paracalanus in the present study may be the result of 
encountering phytoplankton mixture in Tolo Harbour. 
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The daily clearance rates of P. parvus and P. crassirostris did not show great 
difference between the summer and winter studies. However, the feeding impacts of 
P. parvus and R crassirostris were lower during the winter study because of the 
lower population size of the two species during the winter study. 
The daily clearance rate oi A. erythraea was slightly higher than those of P. 
parvus and P. crassirostris since the gut pigment levels of A. erythraea was higher. 
The feeding impact of A erythraea was comparatively low. The feeding impacts of 
P. parvus and P. crassirostris were calculated based on ambient chlorophylls derived 
from particles <20 /xm. When estimated with total ambient chlorophylls, the feeding 
impacts of P. parvus and P. crassirostris were still higher than that of A. erythraea. 
Calculation of daily feeding impact requires consideration of both gut pigment 
levels and animal abundance. Since A. erythraea exhibited both diel vertical 
migration and diel gut pigment rhythm during the summer study, the hourly feeding 
impacts of A. erythraea were higher at night than in day. Similarly, the hourly 
feeding impacts of P, parvus and P. crassirostris were also higher at night during the 
winter study. Although it is of practical convenience for ecologists to do sampling 
in daytime, underestimation of feeding impact will be resulted when the animals 
exhibited diel vertical migration and/or diel feeding rhythm. Therefore, knowledge 
on the diel behaviour of the animals is of great importance for better sampling 
strategy and more meaningful study. 
The numerically dominant calanoid copepods, P. parvus and P. crassirostris, 
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together consumed only about 13% of ambient chlorophylls derived from particles 
<20 /xm, or less than 8% of total ambient chlorophylls daily during the summer 
study. The large calanoid copepod A. erythraea consumed less than 2% of total 
ambient chlorophylk during the summer study. During the winter study, 
Paracalanus consumed about 3% of ambient chlorophylls derived from particles < 20 
/im or about 2% of total ambient chlorophylls. Wong et al (1992) also reported a 
very low daily consumption of total ambient chlorophylls by Penilia avirostris， 
another important planktonic grazer in Tolo Harbour. These findings are consistent 
with the observation that phytoplankton communities in coastal areas are often 
underexploited by zooplankton grazing (Joris et al 1982). Underexploitation of 
phytoplankton stock in Tolo Harbour will enhance the problem of eutrophication and 
the majority of the phytoplankton biomass will sediment and exacerbate the problem 
of oxygen depletion in the bottom waters. 
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2.6 Conclusion 
Paracalanus parvus and P. crassirostris, the two dominating calanoid 
copepods in Tolo Harbour, are mainly surface dwellers and showed no diel vertical 
migration nor diel gut pigment rhythm during the summer study. The two large 
calanoid copepods, Acartia erythraea and Eucalanus subcrassus, exhibited prominent 
diel vertical migration and diel gut pigment rhythm, presumably to avoid visual 
predators during daytime. Gut pigment rhythm observed in the surface living 
individuals suggested an independent feeding rhythm in the two species. During a 
red-tide in winter, P, parvus and P. crassirsotris resided in deep waters presumably 
to avoid the dense population of Noctiluca scintillans in the surface. Paracalanus 
crassirostris remained non-migratory but P. parvus exhibited weak diel vertical 
migration during the winter study. Both Paracalanus species showed diel gut 
pigment rhythm. The presence of diel gut pigment rhythm in non-migratory P. 
crassirostris strongly suggested an independent feeding rhythm. During the summer 
study, P. parvus, P. crassirostris and A erythraea together consumed less than 10% 
of total ambient chlorophylls. During the winter study, the two Paracalanus species 
together consumed only about 2% of total ambient chlorophylk. These observations 
suggest that phytoplankton community in Tolo Harbour is underexploited by 
zooplankters and the problem of eutrophication may be enhanced. The occurrence 
of diel vertical migration and diel feeding rhythm in copepods results in diel 
difference in feeding impact and thus underestimation of feeding impact by 
conventional daytime sampling. The reason why the Paracalanus species showed diel 
behaviours during the winter study could not be deduced in the present study. 
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Chapter 3. Distribution and biology of marine cladocerans in the 
coastal waters of southern China 
3.1 Literature review 
• ‘ . . . 
3.1.1 Distribution of marine cladocerans 
Cladocerans are small crustaceans which live almost exclusively in freshwater. 
Of the more than 400 species of cladocerans, only eight species from the families of 
Sididae and Podonidae are considered to be truly marine (Onbe 1977). Compared 
with freshwater cladocerans and marine copepods, the biology and ecology of marine 
cladocerans have received relatively little attention, probably because of their low 
abundance in the open oceans (Onbe 1977). However, recent studies have revealed 
that marine cladocerans may occasionally form an important component of 
zooplankton communities in coastal areas. For example, Penilia avirostris is 
frequently abundant in warm and productive nearshore waters of the tropics and 
subtropics (Delia Croce and Venugopal 1972; Grahame 1976; Moore and Sander 
1979; Chen 1982; Chan 1991). In temperate waters, Penilia avirostris has been 
found to exist seasonally in large numbers in productive estuaries (Bosch & Taylor 
1968; Cheng & Chas 1982; Yoo and Kim 1987). Evadne and Podon species often 
appear together with Penilia avirostris (Murakami & Onbe 1967; Onbe 1977; Yoo 
& Kim 1987). Many investigators have emphasized the importance of water 
temperature as a controlling factor of the distribution of marine cladocerans (Onbe 
1977; Cheng & Chas 1982; Yoo & Kim 1987); however, different temperature ranges 
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have been observed for the occurrence of the same species (Table 3.1). 
Factors other than water temperature may also be important in controlling the 
occurrence of cladocerans. The distribution of Podon schmackeri was recently found 
to be limited by both water temperature and salinity (Kim & Onb谷 1989a). The 
number of possible controlling environmental factors may be large. Studies including 
a variety of factors will provide more information on the distribution of the animals. 
3.1.2 Reproduction of marine cladocerans 
Parthenogenesis is the primary mode of reproduction for cladocerans. 
Parthenogenesis has been confirmed in marine cladocerans by several authors (Onb6 
1977，1978, 1983; Cheng & Chas 1984; Kim & Onb6 1989b). Parthenogenetic 
embryos develop in the brood pouch of the mothers and are released as free-
swimming miniature adults (Onbe 1978; Piatt & Yamamura 1986). Onbe (1978) 
reported that parthenogenetic embryos of Penilia avirostris can complete development 
in 3-4 days, and occasionally in periods as short as 30 hours. Parthenogenetic 
reproduction, together with rapid embryonic development and the occurrence of 
paedogenesis (Piatt & Yamamura 1986; Kim & Onb6 1989b) enable marine 
cladocerans to increase their population quickly under favorable conditions (e.g. 
Murakami & Onbe 1967; Cheng & Chas 1982; Grahame 1976). Under unfavorable 
conditions, marine cladocerans will undergo gamogenesis (Onbe 1991). Gamogenesis 
or sexual reproduction is characterised by the occurrence of males (Cheng 8c Chen 
1966; Piatt & Yamamura 1986) and females with resting eggs (Cheng & Chen 1966; 
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Table 3.1 Temperature ranges for marine cladocerans as reported 
in previous studies 
Species Water temperature range Source 
. ^C -
Penilia avirostris 1 6 - 2 9 1 
1 3 - 2 7 2 
9 - 27.5 3 
Evadne nordmanni 8 - 2 2 1 
1 1 - 2 3 2 
9 - 19.5 3 
Evadne tergestina 18 - 29 1 
1 3 - 2 9 2 
9.5 - 29.5 3 
Podon leuckarti 9 - 1 9 1 
7 - 1 9 2 
14- 18 3 
Podon polyphemoides 9 - 2 8 1 
11 - 2 8 2 
8 - 2 6 3 
^Inland Sea of Japan (Onbe 1977) 
^Eastern coastal waters of China (Cheng & Chas 1982) 
^Chinhae Bay of Korea (Yoo & Kim 1987) 
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Onb€ et al 1977; Onbe 1983). Unlike parthenogenetic embryos, sexually produced 
resting eggs contain rich yolk substances and are coated by thick outer membranes 
(Onb6 et al 1977; Onb6 1977, 1991) which help them to bridge periods of adverse 
conditions before hatching out in the sea bottom (Onb6 1991). Study on the 
relationship between resting eggs and seasonal fluctuation of planktonic cladoceran 
population began only recently. Onbe (1985) found that peak abundance of resting 
eggs in the bottom sediments of the Inland Sea of Japan in cold seasons alternated 
with peak abundance of cladocerans in the water column in warnf; seasons and 
concluded that resting eggs might serve as a "reservoir" of local cladoceran 
population when environmental conditions were unfavourable. 
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3.2 Introduction 
Compared with other temperate regions of Asian waters, knowledge about the 
distribution and biology of marine cladocerans in the coastal waters of China remains 
meager. Cheng and Chas (1982) reported 5 species of marine cladocerans in the 
coastal waters of eastern China but their study is mostly qualitative. Studies in 
productive coastal waters of Japan (Onbe 1977) and Korea (Yoo & Kim 1987) showed 
that marine cladocerans can occur in large numbers in certain seasons. Thus it is 
expected that marine cladocerans can play an important role in the trophodynamics 
of the plankton community at least in certain seasons. Kim et al (1988) found that 
marine cladocerans selectively feed on diatoms, although other food items may also 
be consumed (Kim et al 1989). Despite their high abundance, marine cladocerans 
have little impact on red tide occurrence in polluted neritic waters (Kim et al 1988; 
Wong et al. 1992). Wylie and Currie (1991) demonstrated that freshwater 
cladocerans may consume bacteria as food to a certain extent. However, study on 
Penilia avirostris suggested that marine cladocerans may play a role in the "microbial 
loop" by grazing bacteriovorous microflagellates rather than bacteria (Turner et al 
1988). Tropho-linkage between marine cladocerans and their predators is poorly 
known, although Cheng and Chas (1982) suggested that marine cladocerans may be 
important food for carnivorous zooplankton (e.g. predatory copepods and 
chaetognaths) and pelagic fish and the fish larvae. 
The coastal waters of southern China are important fishing areas'and marine 
zooplankton may play an important role in the trophic system of these areas. 
» 
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However, information on the zooplankton community of these areas is severely 
limited. Recent studies have been carried out on the zooplankton community 
composition of Hong Kong waters (Chen 1982; Chan 1991; Wong et al 1993)，gut 
pigment content of calanoid copepods in the Pearl River estuary (Wong et al 1990) 
and the natural grazing of Penilia avirostris in Hong Kong water (Wong et al 1992). 
Information about the zooplankton community is basic to understanding the ecology 
of these areas. Further study on the ecology of marine cladocerans in the coastal 
waters of southern China requires a detailed record of the seasonal occurrence and 
geographical distribution of the animals in this region. The present study is dedicated 
to the fundamental understanding of the distribution and biology of marine 
cladocerans in the coastal waters of southern China. The objectives of the study can 
be summarised as follows: 
(1) to study the seasonal and geographical distribution of marine cladocerans in 
the coastal waters of southern China between the west end of the Pearl River 
estuary in the west to Shan Wei in the east; 
(2) to study the biology including body size variation and reproduction of the 
marine cladocerans in the regions aforementioned. 
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3.3 Material and methods 
3.3.1 Study regions 
/ 
Thirty-two stations were selected from five regions in the coastal waters of 
southern China. The study regions cover from the west end of the Pearl River 
estuary in the west to Shan Wei in the east (Table 3.2; Fig. 3.1). The Pearl River 
estuary is an important fishing area in southern China. The hydrography of western 
borders of Hong Kong is mostly influenced by the Pearl River. During rainy 
seasons, freshwater discharged from the Pearl River mixed with oceanic currents 
from the South China Sea creates a large estuarine zone with an area of about 
200,000 km2 on the west to Hong Kong. Tolo Harbour is a semi-enclosed bay with 
an area of approximately 50 km^ and a mean depth of 12 m. Tidal mixing within the 
harbour is restricted by the enclosed topography. The water is characterised by 
serious pollution threat and intense eutrophication (Hodgkiss & Chan 1983; Chan & 
Hodgkiss 1987; Lam & Ho 1989). Rivers and streams have been diverted to the 
nearby Plover Cove Reservoir and therefore Tolo Harbour is mainly under the 
influence of oceanic waters from the South China Sea. Mirs Bay is located in the 
northeastern comer of Hong Kong and is fully exposed to the currents and waves of 
the South China Sea. Maximum depth is about 24 m. Da Peng Ao is a semi-
enclosed bay in the larger Daya Bay. Da Peng Ao has an area of approximately 150 
km2 and a mean depth of 10 m. Daya Bay is an important fishing area and is 
designated by the government as a protected zone for natural resources in 1983. Da 
Peng Ao, as a semi-enclosed area in Daya Bay, experiences little wave actions and 
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Table 3.2 Location of study regions and sampling periods 
Region Location Study period 
Pearl River 113�E 2 2 � N ~ 1980-1981 
estuary 114°E 2 2 � N 
Tolo Harbour 114�14，E 22�26，N 1990-1991 
Mirs Bay 114-24'E 2 2 - 3 r N 1982-1983 
Da Peng Ao 114�34，E 22�35，N 1991 . 
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Fig. 3.1 Map showing location of 32 sampling stations ( • ) in the coastal 










































































high phytoplankton and zooplankton biomass can be found in certain seasons (Chen 
et al 1989; Lin & Yuan 1989). Shan Wei is located in the eastern part of the 
Guangdong province. The coastal area of Shan Wei is divided into Huong Hei Bay 
on the right and Che Si Bay on the left. Mean depths of Huong Hei Bay and Che Si 
Bay are 12 m and 11 m, respectively. 
3.3.2 Field work 
Zooplankton and hydrography of Tolo Harbour, Hong Kong were studied 
between 1990 and 1991. Zooplankton samples and hydrographical data from study 
regions in the territorial waters of the People's Republic of China were generously 
made available for this study by Professor Chen Qing-chao of the South China Sea 
Institute of Oceanology, Academia Sinica, PRC. 
Ten stations were designated in the Pearl River estuary, covering from the 
western end, the central region and the eastern end of the estuary outside the border 
of Hong Kong. Four stations were designated in Tolo Harbour to cover from the 
inner harbour to the outlet of Tolo Channel. There were 3 stations in Mirs Bay. In 
Da Peng Ao, the 9 stations were located from the inner part of the bay to the outer 
region where the bay joins Daya Bay. Huong Hei Bay and Che Si Bay are the two 
bays surrounding the territory of Shan Wei and 3 stations were designated to each of 
the two bay. 
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For the Pearl River estuary, Mirs Bay and Shan Wei, each station was visited 
once per season to trace the seasonal pattern of hydrographical conditions and animal 
abundances. Detailed surveys were conducted in Tolo Harbour and Da Peng Ao to 
investigate the monthly pattern of hydrographical conditions and animal abundances. 
All zooplankton samples were collected by vertical hauls from bottom to 
surface with conical nets of at least 0.5 m mouth diameter and 0.125 mm mesh size. 
All samples were preserved in 4% formaldehyde. Surface water temperature was 
measured with either submerged thermometer or electronic oxygen meter (YSI Model 
57). Surface salinity was measured with hand refractometer. During the study in 
Tolo Harbour, surface water was collected for chlorophylk determination with a 
Turner Model-112 fluorometer (Parsons et al 1984). 
3.3.3 Laboratory work 
Cladocerans were identified to the species level under a dissecting microscope. 
The number of individuals in subsamples was counted and converted to in situ 
population densities. Individuals from each sample were randomly sorted out for 
measurement of body length and brood size. Body length was measured from the tip 
of the head to the dorso-posterior edge of the carapace before the shell spine, using 
a dissecting microscope equipped with a calibrated ocular micrometer (Fig. 3.2). 
After measuring the body length, the brood pouch of the animal was carefully 
dissected to expose the parthenogenetic embryos (Cheng & Chen 1966). Glycerol 
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was used to clear the fatty tissue embedding the eggs and embryos. The number of 
embryos were counted under a dissecting microscope. No effort was made to record 
the developmental stage of the embryos (Piatt & Yamamura 1986; Onbe 1978). Any 
occurrence of resting eggs was also recorded (Cheng & Chen 1966). 
-A 
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Fig. 3.2 Measuring the body size of Penilia 
avirostris. BL = body length. 
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3.4.1 Hydrographical conditions 
All 5 study regions showed similar range and trend of water temperature 
(Table 3.3; Figs. 3.3-3.7). In general, surface temperature was always higher in 
summer and autumn (May to November) than in winter and spring (December to 
March). Geographical difference in salinity was somewhat greater. Salinity in Tolo 
Harbour was relatively stable and fluctuated within a narrow range. Mirs Bay, Da 
Peng Ao and Shan Wei showed similar range of salinity variations. The largest 
fluctuation of salinity was observed in the Pearl River estuary. Salinity was highest 
in winter and spring under the influence of water from the South China Sea. In 
summer, under the influence of enormous freshwater discharged by the Pearl River, 
surface water salinity of the Pearl River estuary was reduced to as low as 9.2%o. 
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Table 3.3 Hydrographical conditions of the study regions 
during the study periods 
Study region Water temperature Salinity %o 
Pearl River estuary 17.6 - 30.4 9.2 - 34.5 
Tolo Harbour 15.9 - 29.0 31.0 - 37.0 
Mirs Bay 19.0 - 30.0 25.5 - 34.6 
Da Peng Ao 16.9 - 31.6 25.5 - 33.3 
Shan Wei 18.0 - 30.0 22.7 - 34.5 
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Fig. 3.3 Seasonal change in temperature and salinity in the Pearl River 
































































































Fig. 3.4 Seasonal change in temperature, salinity and chlorophylls 
concentration in Tolo Harbour during 1990 - 1991. 
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Fig. 3.5 Seasonal change in temperature and salinity in Mirs Bay during 1982 
-1983. 
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Fig. 3.7 Seasonal change in temperature and salinity in Shan Wei during 


















































































































































3.4.2 Geographical and seasonal distribution of marine cladocerans 
Penilia avirostris 
. . . . 
Among the eight species of marine cladocerans identified by Onbe (1977),-
only Penilia avirostris, Evadne tergestina and Podon schmackeri were found in the 
coastal waters of southern China. Penilia avirostris seemed to be the numerically 
dominant cladoceran in all sampling regions. Penilia avirostris occurred in small 
numbers in the Pearl River estuary, with densities <40 ani m-^  throughout the year 
(Fig. 3.8). In Tolo Harbour, this species occurred throughout the year and densities 
> 1000 ani m'^  was found in six of the ten monthly samples (Fig. 3.9). To the east 
of Hong Kong, from Mirs Bay (Fig. 3.10) and Da Peng Ao (Fig. 3.11) to Shan Wei 
(Fig. 3.12), the densities were low and seldom exceeded 1000 ani m-3. Seasonality 
of Penilia avirostris was demonstrated in the Pearl River estuary, Mirs Bay and Shan 
Wei when the cladocerans were common in summer but nearly absent in spring and 
winter. 
Evadne tergestina 
Evadne tergestina was the second most common cladoceran in the waters of 
southern China. Evadne tergestina showed seasonal and geographical distribution 
patterns similar to those of Penilia avirostris but always occurred in smaller numbers. 
In Tolo Harbour, population density of E. tergestina varied greatly from zero to about 
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Fig. 3.8 Seasonal abundance of Penilia avirostris and Evadne tergestina 
in the Pearl River estuary during 1980 - 1981. 
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of Hong Kong, E. tergestina was found in small numbers during summer and late 
autumn and tended to be absent during the rest of the year (Fig. 3.8, 3.10, 3.12). 
In Da Peng Ao, E. tergestina occurred at low densities throughout the year (Fig. 
3.11). 
Podon schmackeri 
Podon schmackeri was found to occur occasionally in Tolo Ha1bour during 
spring at extremely low numbers ( < 10 ani m-3) (Fig. 3.9). It was not found in other 
regIons. 
3.4.3 Hydrographical conditions and distribution of marine cladocerans 
Pen ilia avirostris 
When data from all regions are pooled, it can be seen that Penilia avirostris 
inhabited a wide range of temperatures in relatively saline water (30 - 35 %0) (Fig. 
3.13). The highest abundance of P: avirostris was found at around 28°C and 34%0. 
At higher temperatures (>30°C), distribution of P. avirostris extended to lower 
salinities ( < 25 %0). No correlation occurred between abundance of P. avirostris and 
ambient chlorophylla concentration in Tolo Harbour (Fig. 3.16). 
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Evadne tergestina 
Evadne ,tergestina had a temperature range similar to that of Pen ilia avirostris 
(Fig. 3".14). Densities in waters of high temperature and low salinity tended to be 
low. No correlation occurred between abundance of E. tergestina and ambient-. 
chlorophylla concentration in Tolo Harbour (Fig. 3.16). 
Podon schmackeri 
Podon schmackeri was only found in Tolo Harbour and the populations were 
mostly restricted to warm (20 - 25°C) and saline (- 33 %0) waters (Fig. 3.15). No 
correlation occurred between abundance of P. schmackeri and ambient chlorophylla 
concentration in Tolo Harbour (Fig. 3.16). 
3.4.4 Body size variation 
Penilia avirostris 
The body size of Penilia avfrostris population ranged from 0.36 to 1.04 mm 
(Table 3.4). In additon, populations from different geographical locations tended to 
be dominated by individuals of somewhat different size ranges. In the Pearl River 
estuary, individuals of 0.6 - 0.9 mm constituted over 80% of the population (Fig. 
3.17). In Tolo Harbour, over 70% of the population consisted of individuals of 0.6 -
0.8 mm (Fig. 3.18). The modal size class in both Mirs Bay (Fig. 3.19) and Da 
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· Fig. 3.14 Temperature and salinity ranges for the distribution of Evadne 
tergestina. 
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· Fig. 3.16 Relationship between animal abundance and ambient chlorophylla 
concentrations for marine cladocernas in Tolo Harbour during 1990-
1991. 
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Fig. 3.17 Body length distribution of Pen ilia avirostris in 
the Pearl River estuary during 1980 - 1981. 
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Fig. 3.18 Body.length distribution of Pen ilia avirostris, Evadne tergestina and 
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Table 3.4 Body size, brood size, temperature and salinity ranges of 
marine cladocerans in the coastal waters of southern China 
Species Body size Brood Temperature Salinity 
(mm) SIze (OC) (%0) 
PeniIia avirostris 0.36-1.04 1-14 16-32 7.3-37 
Evadne tergestina 0.24-0.56 1-14 16.9-32 7.3-37 
Podon schmackeri 0.18-0.45 2-19 16.9-29 31-37 
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Peng Ao (Fig. 3.20) was 0.7 - 0.8 mm. In ShanWei, body size of P. avirostris 
varied between 0.5 and 0.9 mm with no particularly outstanding size class (Fig. 
3.21). 
Evadne tergestina 
Body size variations of Evadne tergestina were studied in Tolo Harbour, Mirs 
Bay and Shan Wei. Numbers of E. tergestina from other locations were too low for 
representative analysis. Evadne tergestina, ranging from 0.24 to 0.56 mm (Table 
3.4), was smaller than Penilia avirostris. In Tolo Harbour, 77 % of the population 
was charactenzed by the size range 0.3 - 0.4 mm (Fig. 3.18). Evadne tergestina 
from Mirs Bay seemed to have on average slightly larger body size and the class 0.4 -
0.6 mm covered 86% of all individuals (Fig. 3.19). In Shan Wei, the population 
was dominated by individuals of 0.4 - 0.5 mm (Fig. 3.21). 
Podon schmackeri 
Podon schmackeri in Tolo Harbour had body size ranging from 0.18 to 0.45 
mm (Table 3.4). Individuals of the 0.2 - 0.3 mm size class constituted 97% of the 
population (Fig. 3. 18). 
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Fig. 3.20 Body length distribution of Penilia avirostris in 























0.6 0.8 1 .0 1 .2 
Body length (mm) 
Fig. 3.21 Body length distribution of Penilia avirostris and Evadne tergestina 
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3.4.5 Brood size variation 
Penilia avirostris 
Parthenogenetic females of Penilia avirostris carried 1 to 14 embryos per 
brood (Table 3.4; Figs. 3.22-3.26). In Tolo Harbour, an unexpectedly large 
proportion of individuals (30/391) carried no embryo (Fig. 3.23). Those "non-
gravid" individuals might include immature females, mature females which had lost 
their brood, or males which are morphologically very similar to females (Cheng & 
Chen, 1966). Since no attempt was made to distinguish these three possible 
components, only gravid females will be considered in subsequent discussion. Most 
individuals carried a brood of 4 embryos throughout the sampling areas. However, 
P. avirostris from Shan Wei (Fig. 3.26) and the Pearl River estuary (Fig. 3.22) were 
generally more fecund and the dominant brood size classes were 4 - 6 and 6, 
respectively. Neither resting egg nor particular relationship between brood size and 
body length was found in any of the study regions (Fig. 3.27-3.31). 
Evadne tergestina 
Owing to the same reason as stated before, only gravid females are considered 
in my analysis. Brood size of Evadne tergestina in Tolo Harbour ranged from 1 to 
14 with most individuals carrying 3 - 6 embryos (Fig. 3.23). In Mirs Bay, brood size 
of E. tergestina ranged from 2 to 9 (Fig. 3.24). In Shan Wei, individuals of E. 
te.rgestina carried 2 to 11 embryos per brood, with 6 being the most common (Fig. 
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3.26). Numbers of E. tergestina in Da Peng Ao and the Pearl River estuary were too 
small for brood size analysis. Resting eggs were found in Tolo Harbour during 
September and Shan Wei during August (Table 3.5). No significant relationship 
occurred between brood size and body length (Figs. 3.28, 3.29, 3.31). 
Podon schmackeri 
In Tolo Harbour, which was the only region where Podoit schmackeri 
occurred, most of the animals carried 2 to 6 embryos, although brood size could be 
as high as 19 (Fig. 3.23). Approximately 12 % of the individuals contained resting 
eggs (Table 3.5). No clear relationship occurred between brood size and body length 
(Fig. 3.28). 
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Fig. 3.22 Brood size distribution of Pen ilia avirostris in 
the Pearl River estuary during 1980 - 1981. 
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Fig. 3.23 Brood size distribution of Penilia avirostris, Evadne tergestina 













Pe'nilia a virostris 
n=391 
o 2 4 6 8 10 12 14 
70 Evadne tergestina 
60 n = 231 
~ 50 
o 



















o 2 4 6 8 10 12 14 
1 
Podon schmackeri n = 185 
o 5 10 15 20 
Brood size 
Fig. 3.24 Brood size distribution of Penilia avirostris and Evadne tergestina 











































o 2 4 6 8 
Brood size 
10 
Fig. 3.25 Brood size distribution of Pen ilia avirostris in 
























Fig. 3.26 Brood size distribution of Penilia avirostris and Evadne tergestina 
in Shan Wei during 1982 - 1983. 
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Fig. 3.27 Relationship between brood size and body length of 
Penilia avirostris in the Pearl River estuary during 
1980 - 1981. 
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Fig. 3.28 Relationship between brood size and body length of 
Pen ilia avirostris, Evadne tergestina and Podon 
schmackeri in Tolo Harbour during 1990 - 1991. 
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Table 3.5 Total number of resting eggs observed during enumeration of 
marine cladocerans. 
Location Date Number of 
resting eggs 
Evadne tergestina 
Tolo Harbour September 1990 2 
Shan Wei August 1982 27 
Podon schmackeri 
Tolo Harbour May 1990 3 
March 1991 18 




The sampling regions in the present study represent coastal environments in 
subtropical waters. Water temperature in the entire area varied between 17°C in 
winter and 30°C in summer. The summer temperatures are slightly higher than those 
reported in the northern Pacific (Kim and Onb6 1989a). Compared with Chinhae 
Bay, Korea (Yoo & Kim 1987), the coastal waters of southern China is warmer and 
seasonal fluctuation is smaller. Although salinity tended to vary seasonally as a result 
of the diluting effect of rainfall and river runoff during rainy seasons, the fluctuation 
. was generally not great (26 - 36%0 for most regions). Salinity fluctuation was large 
in the Pearl River estuary because of the discharge of large volume of freshwater 
from the Pearl River in summer. Salinity in Tolo Harbour was close to natural 
/ 
seawater throughout the year because rivers and streams in the catchment have been 
diverted to the Plover Cove Reservoir and river input was negligible . 
. Penilia avirostris tolerated a wide range of temperature from 16 to 32°C in 
the coastal waters of southern China. This range overlaps those reported by Onb6 
(1977). Salinity range preferred by P. avirostris is 25 - 36%0 and coincides with that 
reported by Yoo and Kim (1987). Results of this study suggest that P. avirostris 
cannot be found in waters with low temperature and salinity, but its distribution can 
extend to low salinity « 20 %0) when temperature is high ( - 30 ° C). The implication 
of this observation is that P. avirostris can tolerate less saline environments, such as 
estuaries, in tropics and subtropics while its occurrence in temperate or colder regions 
. is limited to high salinities (cf: Yoo & Kim 1987; Kim & Onb6 1989). Pen ilia 
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avirostris occurred in highest densities in ' Tolo Harbour, but the numbers are still 
much low~r than those reported in the temperate waters of northwestern Pacific, 
despite the rather similar hydrographical conditions (Yoo and Kim 1987; Onbe 1985). 
Therefore, the population of P. avirostris in Tolo Harbour might be limited by factors 
other than temperature and salinity. Abundance of P. avirostris correlated poorly', 
with ambient chlorophylla concentration in Tolo Harbour. Because a significant 
portion of the phytoplankton in Tolo Harbour consisted of dinoflagellates which might 
not be ingested by P. avirostris, the population of the cladocerans might be food 
limited (Threlkeld 1979). Other possible factors included hydrochemical conditions 
(Cowgill & Milazzo 1991) and predation (Luecke et al. 1990). 
Evadne tergestina inhabited the same range of temperature as P. avirostris. 
/ 
This observation is consistent with that reported by Onbe (1977) and Yoo and Kim 
(1987). Most of the populations were found in temperatures ranging from 17 to 
28 0 C. Salinity > 30 %0 was preferred although E. tergestina occasionally were found 
in small number in less saline waters. These findings suggest that E. tergestina is 
confined mostly to saline waters. The similar temperature characteristics between P. 
avirostris and E. tergestina explain the frequent co-occurrence of the two species 
(e.g. Chen 1982; Onbe 1977; Yoo & Kim 1987; Mullin & Onbe 1992). In general, 
E. tergestina tends to appear in lower densities than P. avirostris in coastal areas 
(Yoo & Kim 1987; Onbe 1985; this study), indicating that E. tergestina may be less 
adapted than P. avirostris to t~ese environments. 
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Podon schmackeri was found the least common species in the coastal waters 
of southern China. It was found only in Tolo Harbour at temperature and salinity 
range of 16.9 - 29°C and 31 - 37%0, respectively~ Its appearance in high salinities 
indicates the oceanic nat~re of this species (Onbe 1983; Kim & Onbe 1989a). The 
small population of P. schmackeri in Tolo Harbour might not originate from the-. 
harbour but was occasionally carried in by water currents. While the fluctuating 
salinities of other locations might not be suitable for P. schmackeri, the highly 
eutrophic and saline water of Tolo Harbour might help to maintain the small 
population of the species. 
The highest populations of the three species of marine cladocerans were found 
in Tolo Harbour. The semi-enclosed topography of Tolo Harbour might limit 
/ 
horizontal transportation and help to maintain the population of marin.e cladocerans 
within the harbour. Although no significant relationship occurred between animal 
abundance and ambient chlorophylla in Tolo Harbour, the highly eutrophic waters of 
Tolo Harbour would still pro~ide comparatively more food for the marine 
cladocerans. The present findings are consistent with previous observations that 
marine cladocerans are commonly found in eutrophic coastal waters (e.g. Grahame 
1976; Yoo & Kim 1987). 
Body size variations of Penilia avirostris and E. tergestina in temperate waters 
were previously reported by Yoo and Kim (1987). Because the definition of body 
length used here is different from that used by Yoo and Kim, the size range of 
. Penilia avirostris is corrected by estimating the shell spine .length as [body length x 
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0.1] for comparison (Chan 1991)., The corrected body size range of Penilia avirostris 
is 0.40 - 1.14 mm, which is close to that reported by Yoo and Kim. The shell spine 
of , E. tergestina is very small and the above correction factor is applied to give a 
conservative estimate of the shell spine length. The corrected body size range of E. 
tergestina is 0.26 - 0.61 mm and coincides with that reported by Yoo and Kim. 
These findings suggest that the body 'size composition of these two cladocerans does 
not change much from subtropics to temperate waters. The size range of Podon 
schmackeri'in Tolo Harbour is 0.20 - 0.60 mm after correction. This is' smaller than 
those reported for the same, species in the northwestern Pacific (Kim & Onbe 1989a) 
and southeastern Japan (Onbe 1983). Inverse relationship between body length and 
temperature have been reported for some copepods (Durbin et al. ,1992; McLaren & 
Corkett 1981). Kim and Onbe (1989a) also observed a decrease in body size of 
Podon schmackeri with latitude. Thus, the smaller body size of Podon schmackeri 
in Tolo Harbour , may be due to shorter development time in warmer environment, 
although other potential causes such as predation cannot be overlooked (Tessier et al. 
1992; Hanazato & Yasuno 1989),. 
Penilia avirostris and E. tergestina from the Pearl River estuary and Shan Wei 
seemed , to be more fecund than those in other locations. However, the higher 
fecundity had not resulted in larger popUlation size. Platt and Yamamura (1986) 
described prenatal mortality in E. nordmanni as a controlling force over population 
size. High fecundity but low abundance of Pen ilia avirostris and E. tergestina in the 
Pearl River estuary and Shan Wei imply significant prenatal mortalities. Further 
. study of seasonal embryo age distribution will be required to verify this postulate 
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(platt & Yamamura 1986). The maximum .brood size of Podon schmackeri observed 
in this study (19 embryos per brood) is much higher than those at higher latitudes 
(Kim & Onbe 1989a) although the mean brood size (4.9) is more or less the same as 
that in southern Japan (Kim & Onbe 1989a) . 
. Marine cladocerans normally reproduce by parthenogenesis but individuals 
may undergo sexual reproduction under unfavourable conditions and produce resting 
eggs . (Onbe 1991). Morphology of gametogenetic females of Peniliaavirostris, E. 
tergestina and Podon schmackeri has been described by Cheng and Chen (1966). 
Onbe (1985) found large number of resting eggs in bottom sediments before the 
cladoceran populations disappear from the water column. His observations suggest 
that the number of females bearing resting eggs will increase before the population 
/ 
declines. No resting eggs was observed in Pen ilia avirostris during the course of this 
survey. This suggests that the .populations of Penilia avirostris :vere maintained in 
optimal physiological condition throughout the year while the seasonal decline was 
due to predation. Another possibility is that the residence time of resting eggs in 
brood pouch might be too short to be resolved by the sampling schedule. 
Examination for resting eggs in the bottom sediments may help to solve this problem. 
For E. tergestina, the number of gametogenetic females was too small to explain the 
seasonal population fluctuations. · Only a few individuals were observed in Tolo 
Harbour and ShanWei around August/September when temperature was relatively 
high and salinity was relatively low. The occurrence of resting eggs in E. tergestina 
agrees with my expectation that E. tergestina is mainly an oceanic species :and is less 
. adapted to coastal waters. Podon schmackeri occurred occa$ionally in Tolo Harbour, 
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and its occurrence was always accompanied by the presence of gametogenetic 
females. However, the ·number of observations is not sufficient to provide any 
definitive statement about the relationship between population trend and the 
appearance of resting eggs. 
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3.6 Conclusion 
The communities of marine cladocerans in the coastal areas of southern China 
were not as diversified as those of northern temperate regions (Yoo & Kim 1987; 
Onbe 1977). Penilia avirostris was the most dominant species in terms of seasonal. 
abundance. Penilia avirostris was considered to be an eurythermal and euryhaline 
species while Evadne tergestina and Podon schmackeri were most common in saline 
waters. Brood size was quite similar among Pen ilia avirostris, E. tergestina and 
Podon schmackeri, suggesting that the low densities of E. tergestina and Podon 
schmackeri were due primarily to high prenatal or after-birth mortality. No 
relationship was observed be~ween population decline and the occurrence of 
gametogenetic females and resting eggs. Future study should focus on the biology 
/' 
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